Three-terminal triple-quantum-dot ring as a charge and spin current rectifier 
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Electronic transport through a triple-quantum-dot ring with three terminals is theoretically stud- 
ied. By introducing local Rashba spin-orbit interaction on an individual quantum dot, we find that 
the spin bias in one terminal drives apparent charge currents in the other terminals, accompanied by 
the similar amplitude and opposite directions of them. Meanwhile, it shows that the characteristics 
of the spin currents induced by the spin bias are notable. When a magnetic flux is applied through 
this ring, we see its nontrivial role in the manipulation of the charge and spin currents. With the 
obtained results, we propose this structure to be a prototype of a charge and spin current rectifier. 

PACS numbers: 73.63.Kv, 73.21.La, 73.23.Hk, 85.35.Be 



I. INTRODUCTION 



The manipulation and control of the behav- 
iors of electron spins in nanostructures have be- 
come one subject of intense investigation due to 
its relevance to quantum computation and quan- 
tum information^^ The electron spin in quantum 
dot (QD) is a natural candidate for the qubit, and 
then QD is regarded as an elementary cell of quan- 
tum computation and quantum information. There- 
fore, much attention has been paid to the manipula- 
tion of the electron spin degree of freedom in QD for 
its application^ Many schemes have been proposed 
to work out this problem for obtaining the highly- 
polarized spin current (in particular, the so-called 
pure spin current), based on the case of a charge bias 
between two leads with a magnetic field or the spin- 
obit (SO) coupling for a QD system^ - — Despite 
these existed works, any new suggestions to realize 
the highly-polarized spin current are still necessary. 
Recently, it has been reported that spin bias in leads 
for mesoscopic systems can be feasible, which, dif- 
ferent from the traditional charge bias, induces rich 
physical phenomena and potential applications^—. 



In the present work, we choose a three-terminal 
triple-QD ring, which is feasible to be fabricated 
by virtue of the current nanoscale and mesoscale 
technolog y 11 ' 18 ' 19 , to investigate its electron trans- 
port properties influenced by the spin bias in one ter- 
minal. As a result, by introducing local Rashba spin- 
orbit interaction on an individual QD, it is found 
that the spin bias drives apparent charge currents 
in the two other terminals with interesting proper- 
ties of them. Besides, the characteristics of the spin 
currents induced by the spin bias are also notable. 
With these results, this structure can be proposed to 
be a prototype of a charge and spin current rectifier. 
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FIG. 1: (a) Schematic of a three-terminal triple-QD 
ring structure with a local Rashba interaction on QD-2. 
Three QDs and the leads coupling to them are denoted 
as QD-j and lead-j with j = 1 — 3. Spin bias is assumed 
to be in lead-1. (b) The charge current spectra in lead-2 
and lead-3 with the shift of QD levels. (c)The charge 
currents vs the magnetic phase factor (/>. (d) The spin 
current spectra in lead-2 and lead-3. (e) The spin current 
spectra vs the magnetic phase factor (j>. 



II. MODEL AND FORMULATION 

The considered three-terminal triple-QD ring is 
illustrated in Figflja), which can usually be fabri- 
cated by means of split-gate technique in the two- 
dimensional electron gas. We assume that in one 
terminal ( lead-1 ) there exists the spin bias V s , i.e., 



2 



the spin-dependent chemical potentials for the spin- 
up and spin-down electrons are pi a = £p + oeV s & 
By additionally inserting two normal metallic termi- 
nals ( lead-2 and lead-3 ) ( here H2<r = H3a = £f ), 
we would like to observe the charge and spin trans- 
port behaviors in the other terminals affected by the 
spin bias. Correspondingly, if lead-1 is postulated to 
be the source terminal, the others will be the drain 
terminals. 

In this structure, the Hamiltonian of the elec- 
tron moving in the x-z plane can be written as 

H * = ^ + V ( r ) + 2h ' \- a ( & x p) + (<J x p)a], where 
the potential V(r) confines the electron to form the 
structure geometry, namely, the leads, QDs and the 
connections. The last term in H s denotes the local 
Rashba SO coupling on QD-2. For the analysis of 
the electron properties, we have to second-quantize 
the above Hamiltonian,— which is composed of three 
parts: H = 7i c + %d + Ht- 
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where Cj ka and dj CT (cjka- and dj„) are the cre- 
ation (annihilation) operators corresponding to the 
basis in lead-j and QD-j. Ejka and Sj are the 
single-particle levels. Vj a denotes QD-lead cou- 
pling strength. The interdot hopping amplitude 
t[(j = Wl + c^e-"^ (I = 1,2), where U is the 
ordinary transfer integral irrelevant to the Rashba 
interaction and a is the dimensionless Rashba coef- 
ficient with ip — tan _1 d 21 . r; is a complex quan- 
tity representing the strength of interdot spin flip. 
The phase factor <fi attached to £3 accounts for the 
magnetic flux through the ring. In addition, the 
many-body effect can be readily incorporated into 
the above Hamiltonian by adding the Hubbard term 

V e -e = T^ja ~~2~ n j<? n j&- 

Starting from the second-quantized Hamiltonian, 
we can now formulate the electronic transport prop- 
erties. With the nonequilibrium Keldysh Green 
function technique, the spin-cr current flow in lead-j 
can be written a o 22 > 23 



j'a' 



dujTj a ji cr i (ui) [f ja (uj) - j.y a , (uj)] , (2) 



where fj a (uj) = (exp — 
distribution function in 



1) 1 is the Fermi 



T 

lead-j. Tj a .j /(7 '(uj) = 
is the transmission 
function, describing electron tunneling ability be- 
tween lead-j to lead-j'. Tj a = n\Vj a \ 2 pj(uj), the cou- 
pling strength between QD-j and lead-j, can be usu- 
ally regarded as a constant. G r and G a , the retarded 
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FIG. 2: The spectra of transmission functions 
TWiCT,i CT (m=2,3) with the QD levels fixed at Ej = 0. (a) 
and (b) Zero magnetic field case, and (c)-(d) magnetic 
phase factor = ~ . 



and advanced Green functions, obey the relationship 
[G r ] = [G a \* . From the equation-of-motion method, 
the retarded Green function can be obtained in a 
matrix form, 



j — l,cr 1=1, cr 

-A+nM)] + t 3 e l Ul a d la + H.c, 



[G r ] _1 = 
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In the above expression, g^ a is the Green function of 
QD-j unperturbed by the other QDs and in the ab- 
sence of Rashba effect. gj a = [(z — £j)\j a + i^ja]^ 1 

With Z = UJ + l0+. \ ia = z _ £ ^^(n 3S ) re " 

suits from the second-order approximation of the 
Coulomb interaction^, which is reasonable when 
the system temperature is higher than the Kondo 
temperature. (njo) can be numerically resolved 
by the formula (nj a ) — — ^ J duiG^. where 

r/j<r(w). 
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III. NUMERICAL RESULTS AND 
DISCUSSIONS 

We now proceed on to calculate the charge cur- 
rents in the drain terminals, lead-2 and lead-3 in this 
case. Before calculation, the QD-lead couplings are 
assumed to take the uniform values with Tj a = t , 
and we consider to as the energy unit. The structure 
parameters are for simplicity taken as \ti a \ = h = ta, 
and Ep is viewed as the energy zero point of this 
system. Besides, to carry out the numerical calcula- 
tion, we choose the Rashba coefficient a = 0.4 which 
is available in the current experiment^ 

We first focus on the electron transport in the lin- 
ear regime. In this case, the charge current flow is 
proportional to the linear conductance, i.e., J mc = 
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Gmc -V s (to = 2, 3), where J mc = J mt + J mJ , and the 
linear charge conductance 

e 2 

Gmc = ~t~ / ^\o'T mcr ^ c , + crr OTCT) iCT]| w=Ep (3) 

obeys the Landauer-Buttiker formula. 5 With respect 
to the spin current, it can be defined as J ms = J m -\ — 
J m l with J ms = Q ms ■ V s and 

2 

Gms — -j- 'y~][T m<7t ii — T mtrt if]\ u=SF . (4) 

cr 

It is consequently found that in the linear regime, 
by only investigating the characteristics of the lin- 
ear conductances, the properties of the spin-bias- 
driven charge and spin currents can be clarified. 
From Eq. (|3j) and Eq.(j4]), one can readily see that 
in the absence of any spin-dependent fields the elec- 
tron transmission is irrelevant to the electron spin. 
And then the opposite-spin currents driven by the 
spin bias flow through this ring with the same mag- 
nitude, leading to the result of zero Gmc and Gms[ 
see the dashed line in FigQTb)]. 

As mentioned in the recent researches 2 ^ in some 
QD structures, local Rashba interaction could effi- 
ciently modulate the quantum interference and bring 
about the spin polarization in the electron transport 
process. Namely, when a QD subject to Rashba 
interaction is embedded in the mesoscopic inter- 
ferometer, the traveling electrons acquire a spin- 
dependent phase in addition to the Aharonov-Bohm 
phase, which helps manipulate the electron spin via 
the electric means^. We then introduce a local 
Rashba interaction to QD-2 of this structure and 
aim to investigate its charge and spin properties in- 
fluenced by the interplay between the spin bias and 
Rashba interaction. As shown in Figfljb), in the 
presence of Rashba SO coupling and the absence of 
magnetic field, there indeed emerge apparent charge 
currents in the drain terminals. Moreover, an inter- 
esting phenomenon is that in the whole regime the 
amplitude of Jic is the same as that of J% c but the 
directions of them are always opposite to each other. 
Such a result suggests that by building a closed cir- 
cuit between lead-2 and lead-3 the feature of the 
spin bias in lead-1 can be measured by observing 
the charge current flowing between the drain termi- 
nals. Surely, the magnitudes of charge currents are 
related to the values of QD levels with respect to the 
energy zero point, i.e., in the vicinity of Eq = ? the 
charge currents reach the extremum of them. On the 
other hand, since the configuration of quantum ring, 
we now would like to investigate the effect of a local 
magnetic flux on the electron motion in this system. 
In FigQJc) we see that the application of magnetic 
flux can further adjust the spin-bias-induced charge 
currents. And, with the tuning of magnetic flux the 
charge currents (J2 C and J^ c ) oscillate with the pe- 
riod Acf> = 2n. By the increase of magnetic flux 
from (j) = to cj) = 7r J2c encounters its minimum 



whereas J% c arrives at its maximum with their zero 
value at (f> — ^tt. Therefore, the magnetic flux can 
effectively vary the magnitude and direction of the 
charge currents. 

With respect to the spin current, in the linear 
regime, it arises from the spin polarization in the 
electron transport process [see Eq.((4])]. And, in the 
absence of Rashba interaction, a small spin bias can- 
not bring about the spin polarization in the drain 
terminals. But when the Rashba interaction is taken 
into account, there emerge notable spin currents in 
lead-2 and lead-3, as shown in FigfTJd). Note that, 
the difference between these two spin currents origi- 
nates from the contribution of the interdot spin flip 
terms in the Hamiltonian. In addition, we find that 
the spin current directions can be efficiently modu- 
lated via the magnetic flux. For the case of <f> = \ 
there presents obvious spin polarization in lead-2, 
but there is little spin polarization in lead-3. Al- 
ternatively, when the magnetic flux is increased to 
<f> — the opposite result comes into being, i.e., 
the spin polarization in lead-3 reaches its maximum. 
Thereby, in such a structure, by the cooperation of 
the Rashba interaction and magnetic flux the highly- 
polarized spin current in either drain terminal can 
be alternately obtained. 

It is evident that the above results are dependent 
on the electron transport properties in this struc- 
ture. Then in order to clarify these results we focus 
on the transmission functions, as shown in Fig|2]with 
£j =0. They are just the integrands for the calcu- 
lation of the charge currents [see Eq.@]. Here it is 
necessary to emphasize that although the Rashba- 
related spin-flip terms contribute to the electron 
transport, the spin-conserved electron motion de- 
termines the transport results of this system^ So, 
to keep the argument simple, we drop the spin flip 
terms for the analysis of electron transport behav- 
iors. By comparing the results shown in Figj2ja), 
we can readily see that in the absence of magnetic 
flux, the traces of T2t.1t ana - ^H,H coincide with 
each other very well, so do the curves of T^i^ and 
it- Substituting this result into Eq. (J3j , one can 
certainly arrive at the result of the distinct charge 
currents in the drain terminals. On the other hand, 
these transmission functions depend nontrivially on 
the magnetic phase factor, as exhibited in Figj2{b) 
with (j) = ^. In comparison with the zero magnetic 
field case, herein the spectra of Tjifi are reversed 
about the axis lj = without the change of their 
amplitudes, but the amplitudes of Tjt-j'T present a 
thorough change. Similarly, with the help of Eq. (J3j , 
one can then understand the disappearance of charge 
currents in such a case. Moreover, the presentation 
of spin currents can be understood with the help of 
above result and Eq.(|3]). 

The underlying physics being responsible for the 
spin dependence of the transmission functions is 
quantum interference, which manifests if we ana- 
lyze the electron transmission process in the lan- 
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FIG. 3: The current results in the cases of the finite 
spin bias. The temperature is assumed to be feT = 
O.lto. (a)-(b) The charge currents vs QD levels with 
U — and U = 3io, respectively, (c)-(d) The charge and 
spin currents as functions of the magnetic flux, (e) The 
charge currents versus the spin bias strength. 



guage of Feynman path. Therefore based on this 
method, we write T 2a ^ a = l^a.ial 2 where the 
transmission probability amplitude is defined as 

T2cr.lT = V2a G 2a,la V l<r witn Vj a = Vj„ ^/Zirpj (uj). 

With the solution of G 2ala , we find that the 
transmission probability amplitude t 2g ^\ g can be 



r (1) 



■^y^a 92^2,7 gsatae 1 ^ giaVia with D 



divided into three terms, i.e., T 2a ^ a 

r £!i<r> where r £|i<x = h^92atl a gioVia and 
r (2) 

T 2a,la 

det{[G r ] -1 } J[ 9ja- By observing the structures 

of t^J i a and 72^ lo ., we can readily find that they 
just represent the two paths from lead-2 to lead- 
1 via the QD ring. The phase difference between 

T 2oM and T 2aM is A ^2<r = [<t>~ 2(7^ + ^] with 

9j arising from gj a . It is clearly known that only 
such a phase difference is related to the spin po- 
larization. T3er lo- can be analyzed in a similar 



r (1) +r (2) , 
with t£/ a „ = iV&gtot&WgurVur and t£| 1(T = 
-n V 3a93<Tt2a92<?t* 1<7 gi<jV 1<7 . The phase difference be- 
tween t£; 1(t and T^J la is A^ 3ct = [<p - 2aip - B 2 \. 
Utilizing the parameter values in Figf2J we evaluate 



way. We then write T^\ a 



that <p fa j and 6j = — f at the point of cj = 0. 
It is apparent that when = only the phase dif- 
ferences A02er are spin-dependent. Accordingly, we 
obtain that A0 2t = Afa = ff , A0 3t = ff , 

and A03i = which clearly prove that the quan- 
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'34,14. alike) is destructive, but the construc- 
tive quantum interference occurs between r^l \ 1 and 

T 2iiL ( r 3t'it and T 3f it a like) • Then such a quantum 
interference pattern can explain the traces of the 
transmission functions shown in Figl^a) . In the case 
of <f> = \ we find that only A0 2 (3)cr are crucial for the 
occurrence of spin polarization. By a calculation, we 
obtain A0 2t = — Tf ) A$ n = ?f, A0 3t = f , and 
A0 3 j. = nf, which are able to help us clarify the 
results in Figl^c) and (d). Up to now, the charac- 
teristics of the transmission functions, as shown in 
Fig 121 hence, the tunability of charge currents have 
been clearly explained by analyzing the quantum in- 
terference between the transmission paths. 

For the case of finite spin bias, the charge currents 
in lead-2 and lead-3 can be evaluated by Eq.@. Ac- 
cordingly, in Figj3ja)-(b) we plot the charge current 
spectra vs the QD levels. In FigJHJa), we find that 
different from the linear transport results, the cur- 
rent spectra exhibit complicated properties with the 
shift of QD levels, since the currents are not propor- 
tional to the transmission function any more. For 
the case of eV s = to, the quantitative relation be- 
tween these two charge currents ( i.e., J 2c = —J3c) 
is seeable ( only in the region of £0 greater than — to 
and less than to ). When the spin-bias strength is 
increased to eV s — 2t , the magnitude of the charge 
currents increase. Meanwhile, it is seen that the 
curve of J 2c tends to be symmetric and the profile 
of J 3c becomes asymmetric. Consequently, here the 
relation of J 2c = — J^c becomes ambiguous except at 
the position of £0 = 0. 

By far, we have not discussed the effect of elec- 
tron interaction on the occurrence of charge cur- 
rents in the drain terminals, though it is included 
in our theoretical treatment. Now we incorporate 
the electron interaction into the calculation with 
Uj = U = 3to, and we deal with the many-body 
terms by employing the second-order approxima- 
tion, since such an approximation is feasible for the 
case the system temperature higher than the Kondo 
temperature (where the electron correlation is com- 
paratively weak). Fig|3fb) shows the calculated cur- 
rents spectra vs the QD levels with fc^T = 0.1i . 
From this figure, we see that the many-body effect 
causes the further oscillation of the charge current 
spectra. It is obvious that the intradot electron in- 
teraction splits the current curves into two groups, 
and in each group the current properties are anal- 
ogous to those in the noninteracting case. This 
is because that within such an approximation the 
Coulomb interaction only gives rise to the splitting 
of the QD level, i.e., Ej and Sj + U. As a result, one 
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can find in such a case, in the high-energy and low- 
energy regimes (i.e., around the points of Eq — and 
£o = — 3io) the result of Ji c = — J?, c is also seeable. 
On the other hand, it shows that the effect of the 
Coulomb interaction on the spin currents is nontriv- 
ial, and in the region of < <fi < ir the magnitudes 
of the spin currents are suppressed [see Figf3jd)]. 

Finally, we investigate the charge currents as func- 
tions of the spin-bias strength, with the calculated 
results shown in FigJ^e). First, at the noninteract- 
ing case, we see that in the situation of < eV s < y 
(or to < eV s < ^-), the charge currents increase 
with the strengthening of spin bias. But next when 
the spin bias strength varies in the regime of y < 
eV s < t (or ^ < eV s < 2t ), the magnitudes of the 
charge currents change a little. However, when the 
many-body effect is taken into account, it is found 
that only in the situation of < eV s < y, the mag- 
nitudes of the charge currents are proportional to 
the strengthening of spin bias, whereas in the cases 
the charge currents are approximately independent 
of the variation of the spin bias. 

IV. SUMMARY 

In summary, in the present triple-QD ring, the 
local Rashba interaction provides a spin-dependent 
AB phase difference. The three-terminal configura- 
tion balances the electron transmission probabilities 
via two different arms of the QD ring. The variation 



of the magnetic field strength and the QD level can 
adjust the phase difference between the two kinds of 
Feynman paths on an equal footing. Thus, the spin 
dependence of the electron transmission probability 
can be controlled by altering the exerted magnetic 
field or the QD levels. Then with the considera- 
tion of a spin bias in one terminal, it is possible to 
obtain the tunable charge and spin currents in the 
either two terminals. On the other hand, we readily 
emphasize that when the spin bias is considered in 
another terminal (e.g., lead-2), the direction of the 
charge current in lead-3 will be inverted since the 
geometry of this structure. However, if the Rashba 
interaction is applied in another QD (e.g., QD-2) we 
can also see the inversion of the current directions 
in lead-3. That is to say, the current directions in 
either drain terminal can be modulated by control- 
ling the spin bias or Rashba interaction. So, such 
a structure can be proposed to be a prototype of a 
charge and spin current rectifier. 
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